Abstract. The effect of photoperiod on nymphal development in the cricket Modicogryllus siamensis was studied. In constant longdays with 16 hr light at 25°C, nymphs matured within 40 days undergoing 7 moults, while in constant short-days with 12 hr light, 12~23 weeks and 11 or more moults were necessary for nymphal development. When nymphs were transferred from long to short day conditions in the 2nd instar, both the number of nymphal instars and the nymphal duration increased. However, only the nym phal duration increased when transferred to short day conditions in the 3rd instar or later. When the reciprocal transfer was made, the accelerating effect of long-days was less pronounced. The earlier the transfer was made, the fewer the nymphal instars and the shorter the nymphal duration. The decelerating effect of short-days or accelerating effect of long-days on nymphal development varied depending on instar. These results suggest that the photoperiod differentially controls the number of nymphal instars and the duration of each instar, and that the stage most important for the photoperiodic response is the 2nd instar.
INTRODUCTION
Most insects in temperate zones have life cycles highly adapted to seasonal change. Photoperiod is the most important environmental cue controlling seasonal life cycles. The life cycles of crickets are known to be under photoperiodic control. Nymphal development of crickets that overwinter as eggs, such as Teleogryllus emma, Dianemobius mikado and D. nigrofasciatus, is accelerated by short day or intermediate photoperiods (Masaki, 1967 (Masaki, , 1973 (Masaki, , 1979 . These responses are thought to determine the time of adult emergence and oviposition of diapause eggs in autumn. In univoltine species that overwinter as nymphs, such as Gryllus campestris and Pteronemobius nitidus, short-days experienced in the early instars induce and maintain diapause but long-days experienced after a period of short-days terminate diapause (Masaki & Oyama, 1963; Ismail & Fuzeau-Braesch, 1972 , 1976 Masaki, 1972) . Long-days increase not only the duration of nymphal development but also the number of instars in P. nitidus (Tanaka, 1979) . In a univoltine strain of Modi cogryllus siamensis (Ibaraki strain, 36.1°N), the early nymphal instars are more sensitive to long-days (Tanaka et al., 1999) . In bivoltine species, including Teleogryllus occipitalis, Dianemobius taprobanensis and Modico gryllus sp. (Miyagi strain, 38°N), nymphal development is promoted by long-days and retarded by short-days (Masaki & Ohmachi, 1967; Masaki, 1972; Masaki & Sugahara, 1992) . In Modicogryllus sp., if the transfer from long-day to short-day or short-day to long-day con ditions is made early in nymphal development, the above effects on the duration of nymphal development can be reversed (Masaki & Sugahara, 1992) . However, the mechanism by which photoperiod controls the nymphal development in bivoltine species has not been studied in detail.
In this study, the nymphal development of a bivoltine strain of the cricket, Modicogryllus siamensis, reared under long-day and short-day conditions, is described in detail. In addition, nymphs were transferred and reared in different photoperiods at different stages in their develop ment. The results show that photoperiod differentially controls the number of nymphal instars and the duration of development, and that the stage most important for the photoperiodic response is the 2nd instar.
MATERIALS AND METHODS
The cricket Modicogryllus siamensis used in this study were taken from a colony, which was established from female crickets collected in Yamaguchi City (34°N) in July 1999. This stock culture was kept in short day conditions of 12L : 12D. This cricket was previously referred to as Velarifictorus parvus (Tanaka et al., 1999) but was recently identified as Modico gryllus siamensis (Ichikawa et al., 2000) .
For the experiments eggs were incubated at 25 ± 0.5°C under either 16L : 8D or 12L : 12D. Within 12 hr of hatching, nymphs were transferred to a plastic box (6 x 6 x 9 cm) in which they were reared until the 3rd instar. Newly emerged 4th instar nymphs were reared in a transparent plasticjar (diameter 16 cm; depth 9 cm). Until the 6th instar, 25~27 nymphs were kept in each plastic box or jar, and in the 7th and later instars, less than 15 crickets were placed in each jar. Several pieces of paper folded in an accordion shape were placed in each box or jar. Water and food (Nihon Crea, CA-1) were given ad libitum. The source of illumination was a 15 W cool white fluorescent lamp connected to a timer. The effects of rearing under a constant photoperiod as well as transferring nymphs from short to long day conditions, and vice versa, were examined. An initial number of 25 to 100 nymphs were reared in each photoperiodic regime. The rearing boxes and jars were checked every day for newly moulted nymphs and adults.
RESULTS

Nymphal development under constant photoperiods
Under long day (16L : 8D) conditions all the crickets underwent 7 moults and became adult within 37 days of hatching at 25°C (Fig. 1A) . The duration of nymphal development was considerably shorter than that in a univoltine strain (Tanaka et al., 1999) . The average dura tion of each instar was 3~5 days until the 5th instar, increasing thereafter up to about 8 days in the 7th instar (Fig. 2) . The average total duration of development was 35 days. Wing pads took the dorsal position in the 6th instar.
In constant short day (12L : 12D) conditions, the nymphs developed slowly. The average duration of devel opment was 124 days (Fig. 1B) . The nymphs moulted at least 11 times and some 14 times or more before becoming adult. The duration of each instar was also sub stantially longer than under long day conditions (t-test, P < 0.05), except that of the 2nd and 7th instars (Fig. 2) . In short day conditions wing pads were always dorsal in the penultimate instar.
Response to a change of photoperiod
To determine how nymphal development is regulated by photoperiod, the nymphs were transferred from long (16L : 8D) to short day conditions (12L : 12D) in various instars. Transfers were made on days when nymphs ecdysed. The duration of development varied in response to when the photoperiod was changed (Fig. 3) . The nymphs underwent 7 instars when the change occurred on the day of the 2nd nymphal ecdysis or later (Figs 3, 4) . The duration of nymphal development became longer the earlier they were transferred to 12L : 12D conditions (ANOVA, P < 0.001). The times to when 50% of the nymphs became adult were 48, 46 and 39 days for nymphs transferred in the 3rd, 4th and 5th instars, respec-nymphal ecdysis, both the number of nymphal instars and tively. However, when transferred on the day of the 1st the duration of development were drastically increased Fig. 4 . Pie diagrams of the instar composition at adult emergence in Modicogryllus siamensis when exposed to various photope riods at 25°C. The number in each section indicates the number of moults and its size the frequency of individuals with the indicated number of instars. n indicates the sample size. ( Figs 3, 4) : the number of nymphal instars was 12 or more, typical of diapausing nymphs exposed to constant short day (12L : 12D) conditions. The average nymphal period (136 days) was slightly longer than under constant short day (12L : 12D) conditions, but not significantly so (Mann-Whitney's U-test, P > 0.36).
When transferred from the short-to long-day condi tions, nymphs transferred in the 3rd instar or later moulted more than 7 times before becoming adult (Figs 4, 5) . Both the number of instars and the duration of devel opment were greater when transferred at later stages of development: the typical number of nymphal instars was 8, 9 and 9, and the average duration of development 63, 73 and 79 days for nymphs transferred in the 3rd, 4th and 5th instars, respectively (ANOVA, P < 0.001). When transferred in the 2nd instar, most nymphs became adult after the 7 th moult: A few had an additional instar. How ever, the durations of the 6th and later instars were noticeably longer than those of nymphs transferred in the 3rd or later instars. The average total nymphal duration (56 days) was significantly longer than that of nymphs exposed to a constant long day photoperiod (MannWhitney's U-test, P < 0.001).
Analysis of the duration of each instar after transfer from long to short day conditions, and vice versa, revealed that the response to a change of photoperiod was stage dependent. When transferred from long to short day conditions, the duration of each instar was significantly lengthened compared to that of nymphs kept in a constant long day photoperiod (t-test, P < 0.01), except for the 2nd-instar of crickets transferred in that instar (Fig. 6A) . The lengthening effect was greater in the later instars. In nymphs transferred from short to long day conditions, the stage dependency was more prominent. The instar dura tion mostly increased in the 2nd, 6th and 8th instars, and decreased in the 5 th and 7th instars (Fig. 6B ).
Response to alternating photoperiodic conditions
The effect of alternating between 12L : 12D and 16L : 8D conditions was determined using a group of nymphs. All nymphs became adult after 7 moults (Fig. 7) . The average nymphal period was 40 days, which was 5 days longer than when reared in constant long day (16L : 8D) conditions (Mann-Whitney's U-test, P < 0.001).
DISCUSSION
Photoperiodic control of nymphal development
The results of the present study confirmed and extended the earlier report that the nymphal development of the cricket Modicogryllus siamensis is regulated by the pho toperiod (Tanaka et al., 1999) . In the Ibaraki strain, Tanaka et al. (1999) estimated using the frequency distri butions of head widths, that there were 7 nymphal instars and at least 9~10, when it was reared under 16L : 8D and 12L : 12D conditions, respectively. Under long day con ditions (16L : 8D) at 25°C, the nymphs of the Yamaguchi strain underwent synchronously 7 moults and became adult within 40 days. In short day conditions (12L : 12D) they became adult 12~23 weeks after hatching, under going 11 or more synchronous moults (Fig. 1) . The large variation in the time to adult emergence under short pho toperiods was thus attributable to different numbers of instars, ranging from 11 to over 14. In both 16L : 8D and 12L : 12D the Yamaguchi strain completed nymphal development noticeably earlier than the northern (Ibaraki, 36.1°N) strain, in which the average nymphal duration was about 50 and 150 days when reared in 16L : 8D and 12L : 12D conditions, respectively (Tanaka et al., 1999) , but later than in the southern (Tanegashima, 30°N) strain in which adults emerged in 12-19 weeks in short days (Masaki, 1972) . This might indicate variation in photope riodic response related to latitude (Masaki, 1967; Masaki, 1973; Walker & Masaki, 1989) .
Sensitive stage
In univoltine species such as Gryllus campestris and Pteronemobius nitidus in which the nymphs overwinter, long days prolong and short days accelerate development to the instar that goes into diapause. Once this instar is reached, the response is reversed: short days maintain and long days terminate diapause (Masaki & Oyama, 1963; Ismail & Fuzeau-Braesch, 1972 , 1976 Tanaka, 1978) . This reversal of the photoperiodic response was not observed in M. siamensis: Long days and short days con sistently accelerated and decelerated, respectively, nymphal development. However, the effect apparently varied with the stage of development. The stage sensitive to pho toperiods is an earlier nymphal stage in M. siamensis (Tanaka et al., 1999) . The present study revealed that the stage most important for the photoperiodic response was the 2nd instar. When transferred from a long to a short photoperiod in the 3rd or later instar, the nymphs became adult after the 7th moult, while those transferred in the 2nd instar underwent 12 or more moults (Fig. 4) . Most of the nymphs transferred from short to long day conditions in the 2nd instar became adults after the 7th moult, and the number of moults increased gradually the longer the transfer to long day conditions was delayed (Fig. 4) .
The results of transferring nymphs from long to short day conditions, and vice versa, confirm previous reports that short day conditions retard and the long day condi tions accelerate nymphal development (Masaki & Sugahara, 1992; Tanaka et al., 1999) . They also indicate that short day conditions induce and maintain diapause and long day terminates it. The effect of long day conditions was stronger than that of short day conditions, because when nymphs were alternately exposed to long day and short day conditions their nymphal period was very close to that when kept continuously in long day conditions (Fig. 7) . Moreover, the number of nymphal instars was not changed by transferring them from long to short day conditions in the 3rd or later instar (Fig. 3) , but it was when changed from short to long day conditions in the 3rd or later instar (Fig. 4) .
This cricket can be heard singing in Yamaguchi in early summer, and adults of the second generation can be col lected from September to October. Therefore, this cricket is apparently bivoltine in Yamaguchi, and univoltine in Ibaraki (Tanaka et al., 1999) . It overwinters as a nymph and the development of overwintering nymphs in late spring might be accelerated by long-day conditions. The nymphs of the second generation occur from late June when the day length gradually decreases, but they become adult within 2 months because their non-diapause devel opment has been largely determined by the long-day con ditions perceived during the 2nd instar. The 2nd generation nymphs are exposed to short-day conditions and committed to diapause.
The duration of development was noticeably affected by photoperiod in the later nymphal stages in both those transferred from long to short day conditions, and vice versa, suggesting that the mechanism regulating the dura tion of nymphal development is different from that con trolling the number of moults. The separate control of nymphal duration and moulting has been reported for Pteronemobius nitidus (Tanaka, 1979) . Our data indicate that the duration of certain instars changes more than that of others (Fig. 6) . Thus, the responsiveness to photope riod depends on the nymphal instar. However, there was a strong correlation between the duration of nymphal devel opment and the number of moultings (r = 0.98), sug gesting that there is a limit to the duration of each instar.
After overwintering the responsiveness to photoperiod is sometimes lost in insects (Hodek, 1983; Tauber et al., 1986) . Although our results demonstrated that even in the late nymphal instars crickets were sensitive to photope riod in the laboratory, it is uncertain whether they are responsive to photoperiod after overwintering in the field.
Storage of photoperiodic information
The present results demonstrated that the duration of development was strongly affected by photoperiod expe rienced in the 2nd instar and only slightly in later instars. This suggests that photoperiodic information is stored for a long time. Since insect development is generally regu lated by the endocrine system (Flanagan et al., 1988) , it is likely that the information is stored in tissues that regulate the endocrine system. It is also well known that the accu mulation of photoperiodic information is necessary to induce photoperiodic responses (Saunders, 1982) . Although the 2nd instar is the critical stage for the photo periodic response, it is not known how many cycles are necessary to induce a response. This deserves to be addressed in the future.
